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Introduction
With advances in the management of very low birth
weight neonates, chest physiotherapy (CPT) has become
an integral part of airway management in neonatal inten-
sive care settings [1]. Various manual techniques are
used in neonatal settings, including postural drainage,
percussion and vibration [2,3], and cupping [4,5]. These
techniques are thought to promote clearance of secre-
tions by augmenting the effect of gravity on bronchial
clearance.
Early studies [2,6,7] that investigated the physiolog-
ical effects of these physiotherapy techniques were
inconclusive as they were limited by small sample sizes.
A clinical trial showed that chest vibration reduced 
the incidence of postextubation atelectasis (PEA) [8].
However, a retrospective cohort study of 220 infants
showed that postural drainage combined with cupping
produced no evidence of benefit in preventing PEA [9]
when compared to the historical control group with no
intervention. One randomized trial [10] recruited 64
infants to compare the efficacy of postural drainage
combined with electric vibrators using study groups of
differing treatment frequencies at every 2 hours and
every 4 hours, and a control group without intervention;
the main diagnosis was respiratory distress syndrome
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Abstract: Effects of conventional chest physiotherapy on preterm infants may be compromised due to the matura-
tion difference in immature lungs. The lung squeezing technique (LST) has been shown to be beneficial in correct-
ing atelectasis in preterm infants. The purpose of this study was to investigate the effects of LST on the parameters
of lung mechanics in preterm infants on mechanical ventilation. LST was used as an intervention to improve the
distribution of ventilation in infants with respiratory distress syndrome. Eleven preterm infants on mechanical ven-
tilation were enrolled. Serial measurements on static respiratory system compliance (Crs) and resistance (Rrs) by
an airway occlusion technique with passive flow-volume analysis were performed before and immediately after
LST, and repeated 4 hours later to assess the carryover effect. Crs improved by 21% (0.92 ± 0.37 mL/cmH2O/kg vs.
baseline 0.76 ± 0.33 mL/cmH2O/kg, p = 0.023) immediately after LST. Split group analysis showed that only the
lower Crs group had a significant carryover effect at 4 hours post-LST (p = 0.046). LST increases total respiratory
system compliance, possibly through decompression of the overdistended lung units and recruitment of
atelectatic alveoli. Rrs showed no significant change after LST. Individual trends of decreased Rrs were observed
in infants with obvious secretion. The effect of LST on respiratory system resistance needs to be further explored
by recruiting other disease conditions that present with pulmonary secretions.
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(52%) and infants underwent thoracoabdominal surgery
(30%). The interventions did not alter the outcomes of
PEA at 24 hours postextubation. In these studies, it was
assumed that accumulated secretions and airway obstruc-
tion were the primary causes of lobar collapse. Some
investigators have argued that CPT, intended for secretion
removal, is used indiscriminately, often when not indi-
cated. This may explain the discrepancy of the findings in
these studies. Furthermore, the incidence of atelectasis is
higher in the CPT groups (although not statistically sig-
nificant) when compared to the control group in both
of the trials: 23% CPT versus 15% no-CPT group [9], and
27.2% 4-hourly, 31.5% 2-hourly versus 13% no-CPT
group [10]. This may imply that some physiological char-
acteristics of the infants may impact significantly on the
effects of conventional chest therapy techniques.
Neonates have proportionately larger airways rela-
tive to their lung volume at functional residual capacity
[11,12]. This advanced development of small airways is
essential to provide conduit for alveolar expansion and
ventilation in newborns, especially with the paucity of
collateral alveolar connections [13]. Animal studies
revealed that airway narrowing is found to be greater in
immature lungs [14], possibly attributed to the matura-
tion difference in immature lungs with weak parenchy-
mal airway support, more compliant airway wall and
relatively thicker airway wall thickness. Mechanical
ventilation also increases airway compliance during
expiration and promotes airway collapse [15].
Other factors leading to peripheral airway narrowing
and occlusion are related to respiratory distress syndrome
[16], hypoxaemia [17], and central apnoeas in preterm
infants [18]. Disease process during sepsis and severe
nosocomial lung infections are shown to reduce surfac-
tant activities [19], which will also predispose to periph-
eral airway narrowing and closure. Although the exact
mechanism and site of narrowing remain undefined,
these studies demonstrated that airway instability leading
to airway narrowing or closure is common in infants.
Regional airway closure may result in ventilation inho-
mogeneity in infants with respiratory distress syndrome
[20] due to distal air trapping, and progress to regional
overinflation and atelectasis in ventilated infants [21].
We conducted a randomized trial [22] on a group of
preterm infants presenting with atelectasis and found that
the lung squeezing technique (LST) was more effective
in correcting lung atelectasis when compared to percus-
sion and vibration given in modified drainage positions.
The underlying mechanism may be either due to decom-
pression of the slowly emptying, hyperinflated alveolar
units or removal of secretions by additional cephalad bias
of airflow in the airways. The purpose of this study was
to evaluate the effects of LST on changes in the parameters
of lung mechanics in preterm infants requiring mech-
anical ventilation. We hypothesize that LST improves
the ventilation homogeneity of mechanically-ventilated
infants with respiratory distress syndrome, which con-
sequently induces a change in respiratory system com-
pliance (Crs) and respiratory system resistance (Rrs).
We also studied the carryover effect of the technique
and its relation with secretion phenomenon.
Methods
Subjects
Neonates with gestational age ≤ 37 weeks who required
mechanical ventilation were enrolled if they satisfied the
following criteria: (1) diagnosed with respiratory distress
syndrome; (2) absence of any segmental or lobar collapse
confirmed on chest X-ray; (3) absence of major congenital
malformation; (4) clinically and haemodynamically stable
as determined by the attending neonatologist; (5) no
major airway interventions including change of endo-
tracheal tube, hand ventilation or bronchial lavage had
been performed in the previous 12 hours; (6) ventilator
settings and fraction of oxygen (FiO2) had not changed
in the last 12 hours; (7) granting of parental consent.
Subjects were recruited sequentially as they met the cri-
teria; no eligible subject was excluded due to the absence
of parental consent. The study was approved by the
hospital’s ethical committee for clinical research.
Procedures
In view of the absence of reference values of Crs by single
breath technique, we calculated the variations of Crs
based on results from a previous study [23] on healthy
preterm infants. We estimated the minimum significant
clinical variation as 20% of the baseline Crs. The num-
ber of subjects required to detect such change is nine for
a power of 80% and alpha level of 0.05.
Measurements
Respiratory system compliance (Crs) refers to the distensibility
or stretchability of the lungs and chest wall. It comprises
the compliance of the lung (CL) and chest wall (CW) as
represented by the equation:
Respiratory system compliance is defined as the
change in lung volume in response to a change in
transpulmonary pressure. CL and Crs reach their highest
values when alveolar units are maximally recruited, serial
changes will reflect the changes in lung mechanics after
a treatment intervention. Crs is affected by tissue elas-
tance, size of the alveolar compartment and position on
the pressure–volume curve. Both the relative compli-
ances of the lungs and chest wall (CW) contribute to Crs.
In infants, as CW is very high, the obtained value for Crs
approximates that of lung compliance [24].
1 1 1
Crs C CL W
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Respiratory system resistance (Rrs) is a combination of
airway resistance and pulmonary resistance. This denotes
the frictional forces between gas flow and the airway
and lung tissue. During positive pressure ventilation,
gas flow occurs due to a difference between the pres-
sure at the airway opening and alveolar pressure. This
applied pressure is used to stretch the lung tissue and to
overcome the resistance of the airways and lung tissues.
Respiratory system resistance represents the sum of
resistive properties of the airways (RAW), lung tissues
(Rtiss), and chest wall (RW) as follows:
Measurement of Rrs by occlusion technique assesses
expiratory resistance under passive conditions [25].
Instrument
A computerized data acquisition system (Model 2600
Pediatric Pulmonary Function Laboratory System,
Sensormedics, Anaheim, CA, USA) was used for the
assessment of Crs and Rrs. It utilizes a single breath
occlusion technique that takes advantage of the influ-
ence of the Hering-Breuer inflation reflex (HBIR) in
infants [25]. Relaxation of the respiratory system was
induced during a brief end-inspiratory airway occlu-
sion. The passive expiratory flow was measured with a
pneumotachograph (dead space 1.8 mL) after removal
of the occlusion (Figure 1). Calculation of Crs and Rrs
was based on the passive flow-volume curve (Figure 2).
Two assumptions were made for the measurement: (1)
the Hering-Breuer reflex induced by occlusion led to
total relaxation of the muscles of breathing during the
occlusion and throughout the subsequent expiration;
(2) complete equilibration of pressure occurred through-
out the lungs so that pressure measurement at the airway
opening was equal to elastic recoil pressure of the respi-
ratory system [26]. The validation of the single breath
occlusion technique has been published by Lesouef and
colleagues [27], and this method provided quick and
accurate measurements of respiratory mechanics.
The reliability of data utilizing the single breath occlu-
sion technique was investigated in another five healthy
preterm infants prior to the study. Static compliance of
the respiratory system (Crs) was measured by a trained
research technician. To adjust for body size, all Crs values
were corrected for body weight and were calculated as
the mean of the selected breaths.
The mean ± standard deviation (SD) within-subject
coefficient of variation in Crs between accepted breaths
in all infants was 6.1±3.3%, whereas it was 8.8±5.4% for
Rrs. The mean±SD difference between the results of paired
studies performed 10 minutes apart by the same observer
was 3.0 ± 5.4%. The mean ± SD difference between the
results obtained by two observers analysing the same data
blind to each other in 10 sets of data was 4.2 ± 5.6%.
Intervention
LST [22] differs from conventional chest vibration and
percussion in the following aspects: each set of “lung
squeezes” consists of three to four cumulative chest com-
pressions lasting for 5 seconds, followed by a gentle slow
“release phase”, with the chest wall completely released;
these compressions are performed successively for 5 min-
utes on one hemithorax, then 5 minutes on the other
hemithorax. These compressions are given without vibra-
tion and not in a gravity-assisted position. In order to
minimize the potentially deleterious effect [28] of low-
ering the end-expiratory lung volume, the delivery of the
chest compressions is not intended to be in synchrony
with the infant’s breathing pattern, and full range com-
pression from full inspiration to end expiration is avoided.
LST was performed by the same investigator on each
side of the hemithoraces, with the infant in supine posi-
tion, and without body tilt, for a total of 10 minutes. The
Rrs R R RAW tiss W= + +
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Figure 1. Connection of the pneumotach and occlusion
valve assembly for the ventilation of infants using the
Model 2600 Pediatric Pulmonary Function Laboratory
System.
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Figure 2. Expiratory flow-volume relationship using the
single breath technique. Extrapolation of the slope of the
linear portion (a – b) of the passive flow-volume curve to
zero flow allows computation of respiratory system com-
pliance and resistance.
investigator used both hands to perform the squeeze on
one hemithorax at one time (Figure 3). One hand was
placed on the posterolateral aspect of the hemithorax
and the other hand covered the anterior chest extending
from the lower ribs to above the clavicle of the infant.
Data collection
A research technician with suitable training was respon-
sible for all lung mechanics data collection and analyses,
and was masked against the purpose of the study.
Endotracheal suctioning was performed by the attending
nurse to clear the proximal airway prior to each set of
data collection and immediately after LST. The amount
of sputum collected in the suction catheter after LST was
measured using a 2.5 mL syringe. Assessment of the
change in lung mechanics was performed based on a
time series design. All lung mechanics testing were per-
formed at a specified time of the day: around 11:45 a.m.
(pre-treatment), 12:30p.m. (immediately post-treatment)
and 4:30 p.m. (4 hours post-treatment). All infants were
nursed in supine position during the period after the
intervention until the time of the time of re-measurement
to evaluate the carryover effect. In each measurement,
20 breaths were initially taken. A breath was accepted
for analysis if the flow-volume curve satisfied the criteria
as described by Popow et al [29] and Fletcher et al [25]:
(1) the occlusion starting exactly at the end of an inspi-
ration; (2) a well-defined pressure plateau of 0.1 s at end-
inspiratory occlusion was achieved; (3) the slope of the
expiratory flow-volume loop appeared linear over at least
40% of the expiration. All infants were studied at sleep
state, tracings recorded during awake state or any agitated
state were abandoned. From the 20 recorded breaths, at
least 10 breaths with a coefficient of variation (SD ÷
mean) less than 10.0% were selected for analysis.
Statistical analysis
Analysis of data was performed using one-way repeated
measures analysis of variance (ANOVA) with Student-
Newman-Keuls post hoc test for all pair-wise comparison
procedures. All data were checked for normality and
equal variance test at alpha level of 0.05. For all data,
differences were considered significant for rejection of
the null hypothesis at p < 0.05. Data were expressed as
mean ± SD. Data were also analysed by classification into
a low and a high value subgroup based on the median
value. Data from infants with or without obvious secre-
tions were analysed separately. Secretions were defined
as obvious when the amount of sputum collected was
more than 0.15 mL. Non-significant results from the sub-
group analysis were calculated for the effect size based
on a pooled SD of the two comparing groups. Effect size
was reported in SD units, an effect size of 0.2 SD units
represented a small effect, 0.5 a medium effect, and 0.8 a
large effect [30].
Results
Eleven preterm infants were recruited during the study
period (Table 1). Mean weight was 1.26 ± 0.42 kg and
mean gestational age was 30 ± 2.3 weeks. They required
ventilatory support at mean FiO2 of 0.24 ± 0.05 and
mean peak inspiratory pressure of 16.8 ± 4.5 cmH2O. All
infants were diagnosed to have respiratory distress syn-
drome. A total of 336 breaths were analysed on 33 occa-
sions. The mean within-subject coefficient of variation
in Crs between accepted breaths in all analysed data was
7.6 ± 2.5%, whereas it was 14.9 ± 7.2% for Rrs. Four
infants yielded secretions > 0.15 mL.
Crs measurements
Using ANOVA, the observed F ratios for 2 and 10 degrees
of freedom indicated significant differences in Crs (body
weight adjusted) by pre- and post-LST groups (F = 4.56,
p = 0.023). Post hoc analysis by Student-Newman-Keuls
comparisons showed that differences occurred between
the pre- and immediately post-LST pairs (Table 2).
Compared to pre-LST treatment values, the increase in
mean Crs immediately post LST was 0.16 mL/cmH2O/kg,
(95% CI: 0.04, 0.28). The Crs change at 4 hours post LST
was 0.11mL/cmH2O/kg (95% CI: −0.01, 0.23). Subgroup
analysis showed no difference in Crs in both the non-
secretion subgroup (F = 2.92, p = 0.093) and the secretion
subgroup (F = 4.18, p = 0.074). By split group analysis,
the high compliance group was not changed (F = 1.43,
p = 0.341). The low compliance subgroup showed differ-
ences 4 hours post LST (F = 3.88, p = 0.046).
Rrs measurements
Mean Rrs as a group did not change after LST (F = 2.11,
p = 0.147) (Table 3). Compared to the pre-LST group,
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Figure 3. Hand positions in the lung squeezing technique:
one hand is placed on the posterolateral aspect of the
hemithorax and the other hand covers the anterior chest
extending from the lower ribs to above the clavicle of the
infant. Note that both hands are used to cover the whole
hemithorax.
mean Rrs decreased by 0.02cmH2O/mL/sec (95% CI: 
−0.04, 0.00) immediately post LST and 0.01 cmH2O/
mL/sec (95% CI: −0.03, 0.02) 4 hours post LST.
Individual changes in Rrs for each infant with secre-
tion are presented in Figure 4 as a comparison of the
change in terms of the coefficient of variation (CV) of
their repeated baseline measurements. According to the
recommendation of Sly et al [31], a positive clinical
response was defined as twice the CV. Three of the four
infants in the secretion group had an immediate Rrs
decrease of more than two times the CV, the remaining
one had a decrease of 1.8 times CV. We did not see any
carryover effect of this clinical response except in one
infant.
Discussion
Crs measurements
The findings supported an immediate increase in Crs
following LST. Based on the multi-compartmental lung
model proposed by Jonson and Svantesson [32], increase
in Crs may occur as a result of re-expansion of the col-
lapsed peripheral airways, and a continuous process of
recruitment of atelectatic acini. These sudden Crs changes
are less likely due to changes in lung tissue and surface
tension characteristics [33]. In the presence of ventila-
tion inhomogeneity, an increase in compliance may be
the result of recruitment of atelectatic lung units and less
overdistension of the previously open lung units. In those
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Table 1. Characteristics of the 11 infants recruited in this lung mechanics study
Ventilation parameters
Subject GA (wk) BW (g) Age* (d)
FiO2 PIP (cmH2O)
1 33.7 1,765 3 0.21 17
2 31.0 1,815 18 0.25 18
3 29.1 1,120 5 0.30 25
4 30.7 1,690 2 0.21 24
5 27.4 785 5 0.25 12
6 27.4 765 8 0.35 15
7 33.3 1,695 26 0.21 15
8 27.9 895 2 0.21 11
9 29.6 1,350 5 0.21 17
10 27.1 1,110 13 0.21 13
11 29.6 850 28 0.21 18
Mean ± SD 29.7 ± 2.3 1,258 ± 419 0.24 ± 0.05 16.8 ± 4.5
*Age at recruitment into study. GA = gestational age; BW = body weight; FiO2 = fraction of oxygen; PIP = peak inspiratory pressure;
SD = standard deviation.
Table 2. Respiratory system compliance (Crs; body weight corrected) pre-lung squeezing technique (LST), immedi-
ately after LST and 4 hours post LST*
Crs (mL/cmH2O/kg)
Infants (n)
Pre-LST Immediately post LST 4 hr post LST
p
Whole group analysis 11 0.76 ± 0.33 0.92 ± 0.37† 0.87 ± 0.29 0.023
Split group analysis
> median (0.76) 3 1.20 ± 0.23 1.34 ± 0.30 1.20 ± 0.13 0.341
≤ median 8 0.60 ± 0.16 0.76 ± 0.25 0.74 ± 0.23† 0.046
Subgroup analysis based on 
pulmonary secretions
Secretion absent 7 0.78 ± 0.40 0.89 ± 0.42 0.80 ± 0.35 0.093
Secretion present 4 0.72 ± 0.21 0.96 ± 0.31 0.99 ± 0.12 0.074
*Data are presented as mean ± standard deviation; †p < 0.05 vs. pre-LST.
overdistended lung units, a lowering of Crs is well
demonstrated by the pulmonary pressure–volume curves
at high pressures [32]. Conversely, Crs will increase if
these lung units are less distended. It is known that
nonhomogeneous distribution in ventilation occurs in
infants [20], especially in disease conditions with altered
surfactant activity. The increase in compliance following
LST in the neonates of this study may occur as a result of
the recruitment of atelectatic lung units and a more homo-
geneous distribution of ventilation within the lung units.
Significant improvement was observed in the low Crs
subgroup 4 hours post LST, which was not seen in the high
Crs subgroup. This improvement in the low Crs subgroup
may be explained by the recovery of a larger number of
atelectatic alveoli post LST. The process of alveoli recruit-
ment apparently continues at 4 hours post LST as well;
we theorize that reopened alveoli are kept in a stable
state without re-collapsing under a more homogeneous
distribution of ventilation. Subgroup analysis based on
secretion did not reveal any differences in Crs changes.
Rrs measurements
In this study, we would expect a decrease in Rrs as the
total cross-sectional area of the airways increases during
the recruitment process involving the peripheral airways.
However, contrary to our hypothesis, we did not observe
a change in Rrs as a group. We suggest two possible
explanations for why this concomitant decrease in Rrs
did not occur despite an increase in Crs. Firstly, the
recruitment process only takes part in lung units with-
out involvement of any correction of airway closure and,
therefore, Rrs does not change. Secondly, the reduction
of peripheral airway closure does occur but the changes
are too small to be detected in our study. The first
explanation is unlikely to be established due to the
paucity of collateral ventilation in neonates [13], mean-
ing that most of the recruitment process has to take place
through the route of peripheral airways. From the work
of Macklem and Mead [34], airways less than 2 mm only
account for about 10–25% of the total Rrs. Therefore, it
is not surprising that Rrs change due to recruitment of
collapsed peripheral airways was not detected.
Individually, in four infants presenting with obvious
airway secretion, there was a decrease in Rrs immedi-
ately post LST, with a medium to large effect size of 
−0.67SD units by subgroup analysis. This can be explained
by the removal of secretion from the conducting airway.
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Table 3. Respiratory system resistance (Rrs) pre-lung squeezing technique (LST), immediately after LST and 4 hours
post LST*
Rrs (cmH2O/mL/sec)
Infants (n)
Pre-LST Immediately post LST 4 hr post LST
p
Whole group analysis 11 0.20 ± 0.08 0.19 ± 0.08 0.20 ± 0.08 0.147
Split group analysis
> median (0.20) 4 0.29 ± 0.05 0.27 ± 0.06 0.29 ± 0.03 –
[−0.31; −1.71, 1.08] [0.00; −1.39, 1.39]
≤ median 7 0.15 ± 0.03 0.14 ± 0.04 0.15 ± 0.04 –
[−0.26; −1.32, 0.79] [0.00; −1.05, 1.05]
Subgroup analysis based on 
pulmonary secretions
Secretion absent 7 0.21 ± 0.09 0.21 ± 0.09 0.22 ± 0.08 –
[0.00; −1.05, 1.05] [0.11; −0.94, 1.16]
Secretion present 4 0.19 ± 0.07 0.14 ± 0.06 0.17 ± 0.08 –
[−0.67; −2.09, 0.76] [−0.23; −1.62, 1.16]
*Data are presented as mean ± standard deviation. Values in square brackets are [Cohen’s d effect size with Hedges adjustment;
lower, upper 95% confidence interval].
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Figure 4. Respiratory resistance change of infants in the
secretion subgroup. CV = coefficient of variation of the
repeated baseline measurements. *Clinically significant
response with >2 times CV.
Prendiville and colleagues [35] showed that tracheo-
bronchial suction caused significant falls in respiratory
system resistance. However, the design of this study
was such that it was not able to differentiate between
whether the drop in Rrs was due to LST or suctioning or
a combined effect. Based on the clinical definition by
Sly et al [31], three out of the four infants did not
demonstrate any carryover effect of LST on Rrs change.
This can be explained by re-accumulation of secretion
in the airways. Although our findings for the secretion
subgroup may have clinical relevance, the effect of LST
on assisting airway clearance requires further investiga-
tion by recruiting other disease conditions that present
with pulmonary secretions.
To our knowledge, this is the first report to evaluate
the effect of LST as an intervention to improve the distri-
bution of ventilation in mechanically-ventilated infants
with respiratory distress syndrome. Assessment of pas-
sive respiratory compliance by the single breath tech-
nique with strict criteria was used to evaluate changes
in lung mechanics parameters. There were some limita-
tions to this study. Due to the design of the study, we
enrolled a rather homogeneous group with stable clinical
state, with only a small number of infants. This within-
subject study also lacked an independent control group.
Conclusion
LST improves respiratory system compliance in preterm
infants with respiratory distress syndrome who require
mechanical ventilation. Respiratory system resistance
showed no significant change after LST. The lung mechan-
ics findings provided some supporting evidence for the
physiological rationale of LST, including: decompression
of the slowly emptying, hyperinflated alveolar units and
facilitation of the recruitment of atelectatic acini. LST may
be used as an intervention to enhance even distribution of
ventilation in mechanically-ventilated infants with respi-
ratory distress syndrome. Further studies may be directed
towards the effect of LST on other neonatal conditions
that present with different patterns of ventilation homo-
geneity such as pulmonary interstitial emphysema and
bronchopulmonary dysplasia. The impact of body posi-
tioning combined with LST on lung function for condi-
tions with localized overinflation or unilateral pathology
is another area that deserves further investigation.
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